tive substitution occurred to afford an azide derivative 9 in 79% yield. The hindered nature of the diphenyl group is probably responsible for this selectivity. Since 14 C-methyl magnesium iodide is also available, we pursued an alternate route to 4 from 9: reaction of methyl magnesium iodide and an imine 10 which was prepared by Staudinger reaction of the azide 9 with triphenylphosphine and acetone. The imine 10 was identified as amine 11 by reducing it with sodium borohydride. Contrary to our expectations, in situ treatment of the imine 10 with methyl magnesium iodide in the absence or presence of Lewis acid (boron trifluoride etherate) 7) afforded a complex mixture and no desired product was obtained.
This result led us to pursue method B starting with an asymmetric epoxidation of cyclopentenol 6 by Sharpless oxidation 8) (Chart 3). A mixture of cyclopentenol 6 (1 mol), dimethyl D-(Ϫ)-tartrate (0.2 mol), tert-butylhydroperoxide (0.50 mol), titanium(IV) isopropoxide (0.15 mol) and 4-Å molecular sieves (MS4A) was stirred at Ϫ10°C for 2 d to afford (Ϫ)-5 9) and (ϩ)-6 in 39.2% and 56.4% yield, respectively. 10) The enantiomeric excess of these compounds was determined to be 50.2% for (Ϫ)-5 and 30.4% for (ϩ)-6 by HPLC analysis; fortunately, purification of (Ϫ)-5 was accomplished by removing the more crystallizable racemate from ethyl acetate (EtOAc). According to the empirical rule, 11) the absolute configuration of (Ϫ)-5,5-diphenyl-2,3-epoxycyclopentan-1-ol ((Ϫ)-5) was believed to be 1R, 2R, 3S. However, applying the proposed structure of the 'loaded' catalyst at the time of oxygen transfer in the Sharpless oxidation of an allylic alcohol, the absolute configuration of (Ϫ)-5 was thought to be 1S, 2S, 3R (the antipode). The reason was that the restricted conformation of the substrate and contact between the large diphenyl group adjacent to the hydroxyl of the substrate and the ligand ester group of the active epoxidation catalyst seriously impede the necessary approach of alkene of (1S)-6 to the oxidant as shown in Fig. 2 (in the path which would yield 1R, 2R, 3S according to the empirical rule). The absolute configuration of (Ϫ)-5 was not determined at this point and conversion of (Ϫ)-5 to the objective compound 4 proceeded. Reaction of (Ϫ)-5 (99.5% ee) with tert-butylamine in the presence of titanium(IV) isopropoxide, 12) followed by treatment with 3 N hydrochloric acid afforded cyclopentenylamine hydrochloride (Ϫ)-12 · HCl (Ͼ99.4% ee) in 99% yield. The C-3 opened product was the only isomer detected by 1 H-NMR analysis and a stereoelectronic effect through an intramolecular coordination of a cyclopentanoyltitanium to the epoxide oxygen atom was probably responsible for the regio-and stereoselectivity. Conversion of (Ϫ)-12 · HCl to 4 was carried out by the following procedure: 1) treatment of (Ϫ)-12 · HCl with methyl orthoformate in the presence of catalytic amount of p-toluenesulfonic acid (TsOH) to afford orthoester 13 as a 10 : 1 diastereomer mixture 13) (97% yield); 2) refluxing of a mixture of 13, acetic acid and a catalytic amount of acetic anhydride in xylene, 14) followed by salt formation with hydrogen chloride to afford (Ϫ)-4 · HCl (Ͼ99.8% ee) in 44% isolated yield. Synthetic 4 · HCl showed all spectroscopic data to be in accord with the reported values, 1) including the sign of the optical rotation; this means that asymmetric synthesis of FK584 ((Ϫ)-4 · HCl) was completed in a 3-step approach starting with (Ϫ)-5 which was obtained by Sharpless oxidation of cyclopentenol 6 with dimethyl D-(Ϫ)-tartrate, tert-butylhydroperoxide, titanium(IV) isopropoxide and MS4A.
The absolute configuration of FK584 was determined to be S by X-ray crystallographic analysis of the salt of (S)-(ϩ)-mandelic acid as shown in Fig. 3 . Based on this result and the fact that regio-and stereoselective conversion of (Ϫ)-5 to the (S)-(Ϫ)-4 · HCl was attained, the absolute configuration of (Ϫ)-5 was confirmed to be 1S, 2S, 3R. The proposed structure of 'loaded' catalyst at the time of oxygen transfer state of allylic alcohol was confirmed to work well in this conformationally restricted cyclopentenol case and to afford moderate optical purity. However, the reaction time of the epoxidation was much longer than that of the usual allylic alcohol, probably due to the poor fit to the requirements of the active epoxidation catalyst as in the case of allylic alcohols having cis-3-substituents. According to method B, (S)-N-{2-methyl- [2- 14 C]-propyl}-4,4-diphenyl-2-cyclopentenylamine hydrochloride ( 14 C-FK584, 303 MBq/mmol) was synthesized from (Ϫ)-5 and 2-methyl-[2-
14 C]-propylamine, and pharma- a, b) The enantiomer ratio of compounds 7 and 2 was determined by HPLC analysis as described in the Experimental section.
Chart 2 cokinetic studies are currently ongoing.
In conclusion, (1S,2S,3R)-(Ϫ)-5,5-diphenyl-2,3-epoxycyclopentan-1-ol ((Ϫ)-5) was synthesized by Sharpless oxidation of cyclopentenol 6 (kinetic resolution) in a rare case in which the empirical rule did not work. Regio-and stereoselective introduction of tert-butylamine to the obtained (Ϫ)-5 and subsequent conversion of the resulting diol to an olefin afforded FK584. The absolute configuration of FK584 was determined to be S by X-ray crystallographic analysis of the salt of (S)-(ϩ)-mandelic acid.
Experimental
All melting points were determined in open glass capillaries on a Thomas-Hoover apparatus and are uncorrected. Infrared (IR) spectra were recorded on a Hitachi 260-10 IR spectrophotometer. (Method A) 4,4-Diphenyl-2-cyclopenten-1-ol (7) Methanesulfonyl chloride (MsCl) (0.79 ml, 10.2 mmol) and triethylamine (1.42 ml, 10.2 mmol) were successively added to a solution of 6 (2.00 g, 8.46 mmol) in acetone (20 ml) below Ϫ5°C and the whole was stirred for 0.5 h. The mixture was poured into ice water (20 ml) and the mixture was stirred for 15 min. Brine and EtOAc were added to the mixture and the organic layer was separated, washed with brine, dried over sodium sulfate (Na 2 SO 4 ), and evaporated in vacuo. The residue was purified by column chromatography on silica gel with a mixture of n-hexane and EtOAc (5 : 1) to afford 7 (2.00 g, 100%) as an oil. The physical data of this compound was identical to those of 7 reported in the preceding paper. N-Isopropyl-4,4-diphenyl-2-cyclopentenylamine Methanesulfonate (11 · MsOH) Triphenylphosphine (330 mg, 1.26 mmol) was added to a solution of 9 (300 mg, 1.15 mmol) in acetone (3 ml) at room temperature and the whole was refluxed for 21 h. After cooling, the solvent was removed by evaporation and the residue was dissolved in MeOH (3 ml). Sodium borohydride (220 mg, 5.81 mmol) was added to the solution and the whole was stirred for 20 min. Brine and EtOAc were then added to the mixture and the organic layer was separated, washed with brine, dried over MgSO 4 , and evaporated in vacuo. The residue was purified by flash column chromatography on silica gel with a mixture of chloroform (CHCl 3 ) and methanol (MeOH) (50 : 1) to afford 11 (0.26 g) as an oil. MsOH (92 mg, 0.95 mmol) in MeOH was added to a solution of the free amine 11 obtained in the above manner (0.26 g) in CHCl 3 ) and molecular sieves 4A (activated powder, 24.00 g) in CH 2 Cl 2 (1200 ml) at Ϫ10-Ϫ9°C under nitrogen atmosphere. Stirring was continued for 2 h, then tert-butyl hydroperoxide (3.0 M solution in 2,2,4-trimethylpentane, 85.00 ml) was added to the suspension and the whole was stirred at Ϫ10°C for 2 d. The mixture was poured into 0.4 N HCl (1550 ml) and the resulting emulsion was filtered through a celite pad. The organic layer was separated and the aqueous layer was extracted with dichloromethane (CH 2 Cl 2 ). The combined organic layers were washed with brine, dried over MgSO 4 , and evaporated in vacuo. The residue was purified by column chromatography on silica gel with a mixture of CH 2 (10H, m) ). The filtrate was evaporated in vacuo and the residue was recrystallized from EtOAc (50 ml) to afford racemate (1.42 g, [a] D 16 Ϫ5.7°(cϭ0.53, CH 2 Cl 2 )). The filtrate was evaporated in vacuo and the residue was stirred in a mixture of n-hexane (100 ml) and petroleum ether (20 ml). The resulting precipitates were collected by filtration to afford (Ϫ) (10H, m) . The enantiomeric excess of this compound was determined to be 99.5% by HPLC analysis (column, SUMIPAX OA-4500 (Sumitomo) 4.6ϫ250 mm; eluent, 25 : 1 n-hexane-EtOH mixture; flow rate, 1.0 ml/min; detector, 220 nm; t R of (Ϫ) isomer, 8.9 min; t R of (ϩ) isomer, 9.9 min). The enantiomeric excess of the compound (ϩ)-6 was determined to be 30.4% by HPLC analysis (column, CHIRALCEL-OD (Daicel) 4.6ϫ250 mm; eluent, 50 : 1 n-hexane-EtOH mixture; flow rate, 1.0 ml/ min; detector, 220 nm; t R of (Ϫ) isomer, 10.1 min; t R of (ϩ) isomer, 12.5 min).
(1S,2R,3S)-(؊)-3-tert-Butylamino-5,5-diphenylcyclopentane-1,2-diol Hydrochloride [(؊)-12 · HCl] Titanium(IV) isopropoxide (2.15 ml, 7.22 mmol) was added to a solution of (Ϫ)-5 (1.40 g, 5.55 mmol) in a mixture of CH 2 Cl 2 (14 ml) and isopropyl alcohol (5.6 ml) with ice bath cooling. Stirring was continued for 30 min, then tert-butylamine (0.70 ml, 6.66 mmol) was added to the solution and the whole was stirred at room temperature overnight. The solution was evaporated in vacuo and the residue was dissolved in diethyl ether. 3 N HCl was added to the solution in an ice bath and the whole was stirred for 3 h. The resulting precipitates were collected by filtration, washed with diethyl ether and dried to afford (Ϫ)-12 · HCl (1.98 g, 99%), mp 279-281°C (dec. 18 (1H, m) . The enantiomeric excess of the compound (Ϫ)-12 · HCl was determined to be Ͼ99.4% by HPLC analysis (column, CHIRALCEL-OD (Daicel) 4.6ϫ250 mm; eluent, 9 : 1 nhexane-EtOH mixture; flow rate, 1.0 ml/min; detector, 220 nm; t R of (ϩ) isomer, 6.5 min; t R of (Ϫ) isomer, 8.0 min).
(S)-(؊)-N-tert-Butyl-4,4-diphenyl-2-cyclopentenylamine Hydrochloride ((؊)-4 · HCl, FK584) Trimethyl orthoformate (2.80 ml, 25.6 mmol) was added to a suspension of (Ϫ)-12 (1.85 g, 5.11 mmol) and TsOH monohydrate (0.10 g, 0.51 mmol) in CH 2 Cl 2 (18.5 ml) and the whole was stirred at room temperature for 2 h. Then, the mixture was evaporated in vacuo and 1 N NaOH solution (18.5 ml) and EtOAc were added to the residue. The organic layer was separated, washed with brine, dried over Na 2 SO 4 , and evaporated in vacuo. The residue was purified by column chromatography on silica gel with a mixture of CHCl 3 18 mmol) in xylene (16 ml) was added acetic acid (0.69 ml, 12.05 mmol) and acetic anhydride (0.04 ml, 0.42 mmol) and the whole was refluxed for 3.5 h. After cooling, 1.5 N of NaOH solution (20 ml) and EtOAc were added to the solution. The organic layer was separated, washed with brine, dried over Na 2 SO 4 , and evaporated in vacuo. The residue was purified by column chromatography on silica gel with a mixture of CHCl 3 and MeOH (30 : 1) to afford (Ϫ)-4 (0.58 g) as an oil. A 4 N solution of HCl in EtOAc (0.55 ml) was added to a solution of (Ϫ)-4 (0.58 g) in a mixture of isopropyl alcohol (1.2 ml) and EtOAc (5.8 ml) and the whole was stirred at 0°C for 3.5 h. The resulting precipitates were collected by filtration and dried to afford (Ϫ)-4 · HCl (0.32 g, 44%, Ͼ99.8% ee). The physical data of this compound was identical with those of FK584 reported in the preceding paper. . Intensities were collected on a Rigaku AFC5R diffractometer with graphite monochromated CuKa radiation (lϭ1.54178 Å), and 2185 unique reflections with I 0 м3s I were obtained using the wϪ2q scanning method within 6°Ϲ2qϹ130°. The structure was solved using MULTAN 84 based on direct methods, and refined. The final R value was 0.058. An ORTEP drawing of (Ϫ)-4 · (S)-(ϩ)-manderate is shown in Fig. 3 .
